In the mammary gland, both laminin and integrins have been shown to be required for normal ductal morphogenesis during development in vivo, and for functional differentiation in culture models. Major integrin receptors for laminins in the mammary gland are ␣3␤1, ␣6␤1, and ␣6␤4. However, the specific subunits that contribute to laminin-mediated mammary cell function and development have not been identified. In this study, we use a genetic approach to test the hypothesis that laminin-binding integrins are required for the function of the mammary gland in vivo. Rudiments of embryonic mammary gland were shown to develop in the absence of these integrin subunits. Postnatal development of the mammary gland was studied in integrin null tissue that had been transplanted into the mammary fat pads of syngeneic hosts. In mammary epithelium lacking ␣6 integrin, the ␤4 subunit was not apparent and hemidesmosome formation was only rudimentary. However, despite this deficiency, normal ductal morphogenesis and branching of the mammary gland occurred and myoepithelial cells were distributed normally with respect to luminal cells. Mammary alveoli devoid of ␣3 or ␣6 integrin formed in pregnancy and were histologically and functionally identical to those in wild-type mammary gland. The tissue underwent full morphological differentiation, and the epithelial cells retained the ability to synthesize ␤-casein. This work demonstrates that mammary tissue genetically lacking major laminin-binding integrin receptors is still able to develop and function.
INTRODUCTION
The development of the mammary gland occurs mainly after birth. During puberty, tubule formation coupled with branching morphogenesis establishes the basic arboreal network of ducts emanating from the nipple (Sekhri et al., 1967) . In pregnancy, alveoli are formed along this network and produce milk under the control of milk-stimulating hormones, such as insulin, hydrocortisone, and prolactin. The mammary epithelium consists of two cell layers, a luminal layer and an outer contractile myoepithelial layer. In the ducts, the myoepithelial layer is continuous, but, in the distended alveoli, the arrangement is more like a woven basket, allowing the secretory luminal epithelial cells direct contact with the basement membrane (Emerman and Vogl, 1986) . The latter lie on a specialised form of extracellular matrix containing laminins and collagen IV amongst other components, and the epithelial cells interact with it via integrins (Streuli and Edwards, 1998) . This paper addresses the role of the laminin-binding integrins ␣3␤1, ␣6␤1, and ␣6␤4 in the development and function of the mammary gland in vivo.
Laminin-binding integrins include ␣1␤1, ␣2␤1, ␣3␤1, ␣6␤1, ␣6␤4, and ␣7␤1. In the mammary gland, a number of these integrins are expressed, including ␣2␤1, ␣3␤1, ␣6␤1, and ␣6␤4 (Delcommenne and Streuli, 1995; Deugnier et al., 1995; Keely et al., 1995; Sonnenberg et al., 1986; Oliver et al., manuscript in preparation) . ␣2␤1 mainly acts as a collagen receptor but has been shown to bind the laminin-␣1 and -␣2 chains as well as laminin-5 (Colognato et al., 1997; Ettner et al., 1998; Orian-Rousseau et al., 1998) . The integrin ␣3␤1 is a receptor for laminins-5 and -10/11, but not laminin-1 Kikkawa et al., 1998) . ␣6␤1 binds the E8 fragment of laminin-1 and the laminins-2/4, -5, and -10/11, while ␣6␤4 binds laminin-1, -5, and -10/11 (Delwel et al., 1993; Gu et al., 1999; Kikkawa et al., 2000; Kramer et al., 1991; Lee et al., 1992; Niessen et al., 1994; Sonnenberg et al., 1990b; von der Mark et al., 1991) . Since laminin-1, -5, and -10/11 are expressed in the subepithelial mammary gland basement membrane and are present at all stages of its development (Oliver et al., manuscript in preparation), we hypothesise that their integrin heterodimer receptors have crucial roles in the development and function of mammary tissue.
Our laboratory has previously demonstrated that cell contact with laminin via ␤1 integrins is crucial for mammary branching morphogenesis (Klinowska et al., 1999) . Moreover, culture studies have indicated that mammary cell survival depends upon on laminin-mediated interactions with integrins, and that both laminin and ␤1 integrins are required for milk secretion (Farrelly et al., 1999; Gilmore et al., 2000; Pullan et al., 1996; Streuli, 1995; Streuli et al., 1991) . However, the key integrin subunits involved in mammary development and function in vivo have not yet been identified. We have shown that antibodies to ␤1 integrins and laminin, but not to ␣6 integrin, inhibit ductal morphogenesis both in vivo and in cell culture (Klinowska et al., 1999) . In addition, a dominant-negative ␤1 integrin transgene expressed under the control of the MMTV promoter perturbed alveolar differentiation and mammary function (Faraldo et al., 1998) . Here, we use mice homozygous for deletions in integrin genes to study the function of laminin-binding integrins in mammary development.
The ␣3 integrin subunit null mouse dies at the neonatal stage with kidney and lung abnormalities (Kreidberg et al., 1996) . One of the major phenotypic aspects in these tissues is a defect in branching morphogenesis. The skin and glomerular basement membranes are also disorganised, suggesting that ␣3␤1 has an important role in the organisation of the matrix (DiPersio et al., 1997; Kreidberg et al., 1996) . The glomerular podocytes of ␣3 null embryos do not differentiate normally (Kreidberg et al., 1996) . In addition, blocking the ␣3␤1 integrin affects the differentiation of hepatocytes in culture, and inhibits a MAP kinasetransduced proliferation signal in cultured epithelial cells (Gonzales et al., 1999; Lora et al., 1998) . These data strongly suggest that absence of the ␣3␤1 integrin might affect the branching morphogenesis and differentiation of mammary epithelium.
The ␣6 integrin subunit knockout mouse dies at birth with severe blistering of the skin and other epithelia, and brain abnormalities (Georges-Labouesse et al., 1998; Georges-Labouesse et al., 1996) . The epidermal defects of ␣6 null mice correlate with a reduction in cell adhesion to the underlying matrix due to a lack of hemidesmosmes. Hemidesmosomes are multiprotein cell-basement membrane adhesion complexes (Borradori and Sonnenberg, 1999) . They contain the laminin-binding ␣6␤4 integrin and, in addition, BP180 (also called type XVII collagen) and the tetraspannin, CD151 Sonnenberg et al., 1991; Stepp et al., 1990; Sterk et al., 2000) . The ␤4 integrin subunit has a uniquely long cytoplasmic tail which associates via plectin with intracellular keratin filaments (Geerts et al., 1999; Niessen et al., 1997b; Rezniczek et al., 1998) . A number of reports document the requirement of the cytoplasmic domain of ␤4 for the localization of ␣6␤4 in hemidesmosomes, and for hemidesmosomal stability and assembly Niessen et al., 1997a; Schaapveld et al., 1998; Spinardi et al., 1995) . Thus, the ␣6␤4 integrin links laminin-5 anchoring filaments in the basement membrane outside the cell to the intracellular keratin cytoskeleton. In contrast, ␣6␤1 and ␣3␤1 are recruited to focal contacts in cultured cells and link the extracellular matrix to the actin network via laminin-1 and -5, respectively. ␤4 integrin subunit null mice also die at birth with extensive detachment of the skin and other squamous epithelia (Dowling et al., 1996; van der Neut et al., 1999; van der Neut et al., 1996) .
We have previously shown that blocking ␣6 integrin function in vivo does not affect the branching of ducts in mammary tissue, although there is an effect on morphogenesis in other organs such as the salivary gland (Kadoya et al., 1995; Klinowska et al., 1999) . However, in cultured primary mammary epithelial cells, function-blocking antibodies against ␣6 compromise both survival and milk protein gene expression during cellular differentiation (Farrelly et al., 1999; Muschler et al., 1999) . Mammary myoepithelial cells contain hemidesmosomes along the basement membrane of their contractile fingers. In mammary epithelial cell lines, antibodies to either laminin-5, or to ␣3␤1 or ␣6␤4 integrins, inhibit hemidesmosome assembly and block branching morphogenesis in matrigel culture (Stahl et al., 1997; Weaver et al., 1997) . Nothing is known about the requirement of ␤4 integrin for mammary gland function in vivo, but we speculate that, if the ␣6 or the ␤4 integrin subunit is required for hemidesmosome formation, the absence of either of these subunits may compromise mammary gland development.
Mice that lack these laminin binding-integrin subunits therefore show a variety of defects associated with deficiencies of cell-basement membrane adhesion. The weakness this causes is exacerbated in tissues in areas of shear stress. Thus, with regard to the mammary gland, the rapid advancement of endbuds at the growing tips of ducts during puberty and the stretching of alveoli during pregnancy and lactation may be predicted to provoke ruptures in a fragile glandular epithelium. One might also anticipate aberrations in branching morphogenesis, matrix organisation, cell-cell adhesion, survival, and differentiation in ␣3, ␣6, or ␤4 integrin subunit null mammary tissue.
In this paper, we test the hypothesis that the function of the mammary gland is compromised by the lack of these integrin subunits. Since these gene deletions are lethal in mice at early stages of development or close to parturition, it was necessary to transplant embryonic rudiments to the cleared mammary fat pads of syngeneic hosts (DeOme et al., 1959; Klinowska and Streuli, 2000) . To our knowledge, this is the first attempt to study the functional consequences of loss of ␣3 or ␣6 integrin subunits in an adult developmental context.
MATERIALS AND METHODS

Generation of Integrin ␣3, ␣6, and ␤4 Null Mice and Genotyping of Embryos
See DiPersio et al., 1997; Georges-Labouesse et al., 1996; Kreidberg et al., 1996; 
Transplantation of Rudiments of Embryonic Mammary Glands
Pregnant female mice homozygous for deletions in the genes encoding the ␣3, ␣6, or ␤4 subunits, respectively, were sacrificed between days 16.5 and 17.5 of pregnancy, and pups were removed. Rudiments of mammary glands, typically attached to some skin, were dissected from female embryos. The tissue was either slowly frozen to Ϫ80°C in three parts DMEM, one part FCS, one part DMSO prior to genotyping and preparation of suitable recipient mice, or was prepared for whole-mount staining. The detailed method for grafting mammary tissue into cleared fat pads has previously been described (DeOme et al., 1959; Klinowska and Streuli, 2000) . Frozen rudiments were recovered by rapid thawing and washed several times in serum-free medium to remove any traces of serum or DMSO. Endogenous mammary epithelium of the #4 (or abdominal) glands was removed from syngeneic recipient animals, F 1 progeny of 129ϫC57BL/6 at 21 days after birth. Simultaneously, exogenous wild-type or mutant mammary rudiments were transplanted into the cleared fat pads. To increase the chances of successful grafting, several mammary rudiments from the same donor embryo were transplanted into each recipient fat pad. The contralateral #4 fat pad was cleared and either wild-type or mutant mammary epithelium, if required, was then transplanted in it.
Whole-Mount Staining of Mammary Gland
Transplanted tissue was left in situ for a minimum of 8 wk. In some cases, the recipient animals were mated and the mammary tissue harvested after 15 days of pregnancy p15 or after either 1 or 6 days of lactation (L1 and L6). Mice were killed by cervical dislocation. The #4 glands containing transplanted epithelium were removed and spread flat on microscope slides. Some pieces of tissue were dissected for electron microscopy, histology, or for immunostaining. The remaining gland was fixed in 70% ethanol, 5% formalin, 5% glacial acetic acid and defatted in acetone. Nuclei of ␣6-deficient and wild-type mammary transplants were stained with haematoxylin. The tissue was then dehydrated sequentially in ethanol and cleared in 100% methyl salicylate. Photomicrographs were taken on Kodak Ektachrome 160T film using an Olympus OM4 camera mounted on a Leica dissecting microscope. Glandular development in ␣3 mutant and wild-type mammary transplants was assayed by Carmine staining as described (Sympson et al., 1994) .
Paraffin Embedding
Pieces of tissue that had already been mounted in total were cut from slides and washed in two changes of xylene before they were embedded in wax using standard protocols. Five-micrometer sections were cut on a rotary microtome, mounted on uncoated glass slides, and stained with haematoxylin and eosin. Photomicrographs were taken on Kodak 400 ASA film using an Olympus OM4 camera mounted on an Olympus microscope.
Immunohistochemistry
Small pieces of transplanted tissue were frozen in O.C.T. mounting medium (Tissue-tek). Seven-micrometer sections of ␣6 null and corresponding wild-type mammary transplants were fixed for 10 minutes in methanol:acetone 1:1 at Ϫ20°C and stored at Ϫ20°C until used. Immunocytochemistry was performed as previously described (Streuli and Bissell, 1990) . Ten-micrometer sections of ␣3 mammary transplants were fixed for 15 minutes in 3.7% paraformaldehyde in PBS with 1 mM CaCl 2 and 0.5 mM MgCl 2 . Sections were incubated for 5 minutes in blocking buffer: 0.1% glycine, 0.2% Triton, 0.1% BSA in PBS; and nonspecific binding sites were then blocked in 10% sheep serum for 2 h. Primary antibody, diluted in blocking buffer, was added for 60 minutes at room temperature (RT). Samples were washed in Tris-buffered saline with 0.05% Tween-20 for 3 ϫ 10 minutes and incubated with secondary antibody for 60 minutes at RT. Nuclei were counterstained with 4 g/ml Hoechst 33258 for 1 minute in the case of ␣6 or 0.5 g/ml DAPI for 5 minutes in the case of ␣3. Stained sections were examined on a Zeiss epifluorescence microscope and photographed using conventional photography (␣3 studies) or a Princeton Instruments CCD camera (␣6 studies).
were gifts of R. O. Hynes (Centre for Cancer Research, Massachusetts Institute of Technology, Cambridge, MA) and U. Meyer (Max-Plank Institute, Martinsried, Germany), respectively, and were used at 1:200 dilution (anti-chicken ␣3) and 3 g/ml (antimouse ␣3). Rabbit anti-␤1 integrin antibody was used at 5 g/ml ). An affinity purified rabbit polyclonal antibody against the E3 fragment of mouse laminin and specific for the laminin ␣1 chain was used at 3 g/ml (Klinowska et al., 1999) . A rabbit antibody against the ␥2 chain of laminin-5 (SE144) was used at 5 g/ml, and was a gift of D. Aberdam (Université de Nice-Sophia Antipolis). Rat anti-␣6 monoclonal antibody GoH3 was used at 2 g/ml (Serotec, Oxford, UK). Rat monoclonal anti-mouse ␤4 antibody 346-11A was used at 10 g/ml (Pharmingen). Rat monoclonal anti-E-cadherin ECCD-2 was used at 1 g/ml (Takara Biomedicals). Mouse monoclonal anti-smooth muscle actin was used at 80 g/ml (Sigma). A Cy-3 conjugated mouse anti-␤-casein was prepared by conjugating mouse monoclonal anti-rat ␤-casein antibody to Cy3 following the manufacturer's instructions (Amersham). Human monoclonal antibody 5E to mouse BP230 was used at 1:100 and was a gift of T. Hashimoto
FIG. 1. Embryonic mammary buds from ␣6
and ␤4 knockout mice show normal early development. (A) Whole-mounted embryonic mammary tissue stained with haematoxylin; and (B) H&E-stained paraffin sections of the same rudiments. Examination of a large number of embryonic glands indicates that the morphology and degree of branching are similar in animals with homozygous deletions (ko) for ␣6 or ␤4 integrin to those that are heterozygous (het) or wild type (wt).
(Kurume University Medical School, Japan; Hashimoto et al., 1993) . Rabbit anti-human von Willebrand Factor antibody was used at 60 g/ml (Sigma). Rat anti-ZO-1 monoclonal antibody was used at 3 g/ml (Developmental Studies Hybridoma Bank, IA). Fluorophore-conjugated secondary antibodies were used at a dilution of 1:100 (Jackson ImmunoResearch, West Grove, PA).
Electron Microscopy
Transplanted ␣6 integrin null and wild-type mammary tissue was excised and immediately fixed in 2.5% gluteraldehyde (Agar Scientific Ltd, Stanstead, U.K.) in 0.1 M sodium cacodylate buffer (pH 7.3) for 4 h, then rinsed in buffer containing 3 mM calcium
FIG. 2.
Transplanted mammary epithelium undergoes normal ductal development and produces normal alveoli during pregnancy despite the lack of ␣3 or ␣6 integrin. Photomicrographs of whole-mounted glands stained with haematoxylin. (A) Virgin ductal development; and (B) midpregnant p12 and p15 alveolar development of transplanted tissue from knockout (ko), heterozygous (het), and wild-type (wt) animals. Note the similarity in morphology of both ␣3 and ␣6 null tissue to their wild-type or heterozygote counterparts.
chloride three times over 24 h. Postfixation in 1% osmium tetroxide in 0.05 M sodium cacodylate buffer (pH 7.3) for 1 h at 4°C was followed by a brief rinse in buffer and dehydration in an ascending alcohol series. After incubation in propylene oxide, the specimens were infiltrated with Taab epoxy resin (Taab Laboratories Equipment Ltd., Aldermaston, U.K.) and embedded in gelatin capsules. Polymerisation of the resin was carried out at 60°C for 72 h. Pale gold sections of selected areas containing ducts and alveoli were mounted on copper grids, contrasted with uranyl acetate and lead citrate and examined in a Phillips EM301 transmission electron microscope at an accelerating voltage of 60 kV. Additional pieces of gland were frozen, sectioned, and immunostained for lack of ␣6 integrin subunit to confirm the genotype.
RESULTS
Loss of Expression of Laminin-Binding Integrins Does Not Affect Mammary Branching Morphogenesis in Embryonic or Pubertal Development
Embryonic development of the mammary epithelium begins at around day 12 in the mouse and by day 17 the rudiment has invaginated from the epidermis in association with mammary mesenchyme. Embryonic day 17 (E17) mammary rudiments from ␣3, ␣6, or ␤4 integrin subunit Cryosections of midpregnant transplanted ␣6 knockout (ko) and wild-type (wt) tissue stained (A) for ␣6 integrin (green) and von Willebrand factor (red); and (B) for ␤4 integrin. ␣6 Integrin is absent in transplanted ␣6 null mammary epithelium (white arrows), but is present in host-derived endothelial cells and co-stains with von Willebrand factor (green arrow). ␤4 Integrin is downregulated in ␣6 integrin null mammary epithelium (white arrow). As with ␣6, occasional cells from host-derived endothelium do express ␤4 integrin (green arrow). Sections were counterstained with Hoechst 33258 (blue) to detect nuclei. (C) ␣3 Knockout (ko) and heterozygous (het) transplanted mammary epithelium stained for ␣3 integrin. Note the lack of staining for ␣3 integrin in the null tissue. Nuclei in A and B were counterstained with Hoechst 33258 (blue).
FIG. 4.
Lack of ␣3 or ␣6 integrin does not disrupt the polarised distribution of the two layers of the mammary gland. (A, B) Cryosections of transplanted (A) ␣6 and (B) ␣3 knockout (ko) and wild-type (wt) mammary alveoli at lactation day 1 stained for smooth muscle actin (SMA), a marker of myoepithelial cells. Note the similar distribution of myoepithelial cells in the ␣6 and ␣3 null tissue. A higher power inset is contained in (B). (C) Cryosections of transplanted ␣6 knockout (ko) and normal (nor) ducts in virgin mammary gland tissue tissue stained for smooth muscle actin. Note that, in both cases, the myoepithelial cell layer (green) is localised basal to the luminal cells (stained only for nuclei). (D, E) Sections of transplanted ␣6 knockout and wild-type/normal (D) virgin and (E) lactating tissue stained for ␣3 integrin. Note the similar distribution of ␣3 integrin shown in D and E to the myoepithelial stain shown in C and A, respectively. In each case, ␣3 integrin is not upregulated to compensate for the lack of ␣6 integrin. Nuclei in A, C, and D were counterstained with Hoechst 33258 (blue).
null animals showed completely normal morphogenesis (Figs. 1A and 1B, and data not shown). Thus, the induction of mammary development via stromal-epithelial interactions and the formation and branching of mammary tubules within embryonic mammary mesenchyme is not dependent on ␣3, ␣6, or ␤4 integrins subunits.
␣3, ␣6, and ␤4 null mice die at or shortly after birth. To study the function of these integrin subunits in postnatal development of the mammary gland, it was therefore necessary to graft rudiments of embryonic mammary tissue into mammary fat pads of syngeneic wild-type mice, cleared of their endogenous mammary epithelium. Transplanted rudiments generated a normal branched ductal network, irrespective of whether they expressed ␣3 or ␣6 integrin ( Fig. 2A) . Recipient mice were mated to induce normal differentiation of the mammary tree in pregnancy. Development in mid-and late-pregnancy was normal in ␣3 and ␣6 knockout glands (Fig. 2B) . Branching morphogenesis in the mutant epithelia appeared to be normal as assessed by whole-mount staining.
These results indicate that the absence of ␣3 or ␣6 integrin does not compromise the ability of mammary epithelium to form branching networks.
␣3 and ␣6 Integrin Subunits Are Not Expressed in Transplanted Null Epithelia
To confirm that the transplanted tissue indeed lacked the appropriate integrin subunit and that mammary growth did not arise from contaminating endogenous wild-type parenchyma, cryosections were routinely incubated with the corresponding antibody. Sections of transplanted ␣6 null glands revealed the total absence of ␣6 in the transplanted epithelium (Fig. 3A) . ␣6 was, however, present in hostderived endothelial cells costained with the endothelial marker, von Willebrand factor. The lack of ␣6 also resulted in a complete loss of the partner integrin subunit, ␤4, in the transplanted epithelium (Fig. 3B) . We therefore deemed it unnecessary to perform transplantation studies with ␤4 null tissue. Transplanted mammary tissue from the ␣3 null mouse did not stain for ␣3 integrin (Fig. 3C) , and immunocytochemical analysis showed that there was no compensatory upregulation of ␣6 (not shown). Staining indicated that the amount and distribution of the ␤1 integrin subunit was not affected in either the ␣3 or ␣6 null mammary grafts (see below, Fig. 5 ).
The Polarised Distribution of the Two Cell Layers of the Mammary Gland Is Unaffected by the Lack of the ␣3 or ␣6 Integrin Subunits
The epithelium of the mammary gland is in essence a two-layered structure. In ducts, the basal myoepithelial cells contact the basement membrane directly and are the major site of ␣3 and ␣6 expression. Luminal cells reside on the distal side of the myoepithelium relative to the basement membrane. In lactational alveoli, myoepithelial cells also contact the basement membrane directly and are present in a stellate distribution, surrounding the luminal epithelial cells. Both ␣3 and ␣6 are expressed most strongly at the basal surface of the mammary epithelium (Fig. 3) . We therefore hypothesised that the lack of either of these integrin subunits might compromise the normal sorting of myoepithelial cells to a basal location relative to luminal cells, thus resulting in cellular disorganisation of the null mammary tissue.
To test this possibility, mammary transplants were stained with an antibody to smooth muscle actin, which reveals the location of myoepithelial cells. We found that the morphology and location of myoepithelial cells was normal in tissues from both ␣6 and ␣3 null virgin mice and from lactating animals (Figs. 4A-4C ). In ␣6 null tissue, the distribution of ␣3 was unaffected (Figs. 4D and 4E) . The appropriate localisation of myoepithelial cells to the basal surfaces of the mammary ducts and alveoli in transplanted glands, even in the absence of ␣3 or ␣6, indicated that cell sorting and intercellular polarity of the two-layered ductal and alveolar structures do not rely on these receptors.
Junctional Polarity and Basement Membrane Integrity Is Preserved in Mammary Epithelium Lacking Laminin-Binding Integrins
Epithelial cell polarity is established in response to the cell detecting which surface is basal (Wang et al., 1990) . Integrin-basement membrane interactions often play a role in the determination of cell polarity as, for example, function-blocking antibodies against the ␣6 integrin subunit or laminin-1 prevent the establishment of polarised kidney epithelia during embryonic development (Sorokin et al., 1990) . In addition, basally located laminin-1 and ␣3 integrin are essential for the polarised organisation of apical microvilli in intestinal and proximal kidney tubule epithelial cells, respectively (Kreidberg et al., 1996; SimonAssmann et al., 1995) . Since ␣3, ␣6, and ␤4 integrin subunits are predominantly expressed at the basal surface of epithelia, including mammary epithelia in vivo, we speculated that the absence of these integrin subunits might disturb epithelial cell junctional polarity and thereby the integrity of the tissue. We therefore tested the possibility that lack of ␣6 integrin, and thus of ␣6␤4, altered 1) the basal distribution and morphology of the laminin-rich basement membrane and 2) the junctional polarity within the epithelial layer in vivo.
Staining of ␣6 null transplanted glands with an antilaminin-1 antibody showed that the localisation of the basement membrane was normal (Figs. 5A and 5B). There was no fraying or blistering of membranes as was seen in the basement membranes underlying keratinocytes with the ␣3 or ␣6 deletions (DiPersio et al., 1997; GeorgesLabouesse et al., 1996) . In glands null for ␣3 or ␣6 integrin, the size of alveoli in pregnant and lactating mice was not altered (also see below, Fig. 8 ), suggesting that the basement membrane was not affected functionally.
Deletion of the ␣3 integrin subunit has been associated with disorganisation of cadherins in kidney cells and in keratinocytes, indicating a possible functional link between integrins and lateral junctions (Hodivala-Dilke et al., 1998; Wang et al., 1999) . However, the localisation of E-cadherin was typically focussed at the lateral aspects of the alveolar cells in the mammary gland of both ␣3 (not shown) and ␣6 (Fig. 5E ) null mice, while ␤1 integrins remained basally distributed (Figs. 5C and 5D) . Furthermore, the distribution of apical tight junctions, revealed by staining for ZO-1, was unaffected by the absence of ␣6 (Fig. 5F ). Thus, in the absence of key laminin-binding integrins, mammary epithelial cells retain their ability to become polarised.
Altered Hemidesmosomes in the Mammary Gland of Mice Lacking ␣6 Integrin
Loss of the ␣6␤4 integrin subunit results in failure of hemidesmosome formation in the skin of mice (Dowling et al., 1996; Georges-Labouesse et al., 1996; . To determine whether there were similar changes in the mammary epithelium of ␣6 null mice, we studied the distribution of laminin-5 and hemidesmosomes. Laminin-5, the major ligand for the hemidesmosomal integrin ␣6␤4, was located basally both in the ducts of nonpregnant mice and in alveoli of lactating animals (Figs. 6A and 6B). Whilst the staining for laminin-1 appeared to be linear in the light microscope, there was some evidence of a punctate distribution of laminin-5 (Fig. 6B) . Since ␣6␤4 is absent in these mice, we examined the distribution of another hemidesmosomal component BP230. Staining of BP230 showed that its distribution was normally punctate in ␣6 null epithelium (Fig. 6C) . This suggested the existence of aggregations of hemidesmosomal components, even in the absence of the ␣6 and ␤4 integrin subunits.
To examine these hemidesmosome-like structures at higher resolution, we used electron microscopy. Typical hemidesmosomes were present in wild-type tissue, showing inner and outer plaques at the plasma membrane together with evidence of keratin filament anchorage on the cytoplasmic side of the hemidesmosome and a stromal dense plaque on the extracellular side (Fig. 7A) . Hemidesmosomes were relatively sparse under the myoepithelial cell body, and extremely rare in alveolar cells. Electron microscopy of normal and ␣3 knockout mammary tissue from lactating mice showed that hemidesmosomes appear at points of contact between the finger-like projections of the myoepithelial cells and the basement membrane (not shown). The number and appearance of the hemidesmosomes was not affected by the lack of ␣3.
In the absence of ␣6 integrin, classical hemidesmosomes were absent (Fig. 7B) . Instead, numerous basally-located adhesion structures containing electron dense plaques were visible, but these structures lacked a sub-basal dense plaque. The dense knot of keratin fibres usually observed connected to the cytoplasmic plaque was not seen in the ␣6 null tissue. These structures resemble the immature or incomplete hemidesmosomes described in mouse tissues lacking ␤4 integrin or BP230 (Guo et al., 1995; .
Our results confirm that ␣6␤4 is required for the formation of intact hemidesmosomes in simple internal epithelia. However, in mammary epithelia, basally located electron-dense structures can form in the absence of ␣6 integrin.
Loss of Expression of ␣3 or ␣6 Integrin Subunits Does Not Affect Alveolar Cell Differentiation
Observations from cell culture studies using functionblocking antibodies indicate that ␤1 integrins are essential for mammary epithelial cells to express milk protein genes (Streuli et al., 1991) . Furthermore, in transgenic mice overexpressing dominant-negative ␤1 integrins, the expression of milk proteins is diminished, confirming the requirement of ␤1 integrins for full lactation (Faraldo et al., 1998) . Since laminin is necessary for milk protein gene expression, it has been argued that either ␣3 or ␣6 integrin or both are required for differentiation to occur (Muschler et al., 1999; Streuli, 1995) . We therefore tested this possibility in vivo by examining mammary alveoli from transplanted ␣3 or ␣6 integrin null tissue during late pregnancy and lactation. In both cases, morphological differentiation of lactational alveoli was normal (Fig. 8) . Moreover, milk proteins were expressed within the alveolar lumena, and accumulation of milk fat globules in the alveoli occurred. This result indicates that neither the ␣3-nor ␣6-containing integrin receptors for laminin are necessary in vivo for milk protein synthesis and differentiation of mammary epithelial cells.
DISCUSSION
This study indicates that key laminin-binding integrin subunits ␣3, ␣6, and ␤4 are not required for ductal morphogenesis, alveolar development, or lactational differentiation in the pubertal and adult mouse mammary gland in vivo. This conclusion has been made possible by the transplantation of embryonic mammary rudiments from transgenic mice bearing perinatal lethal integrin mutations into the wild-type stroma of syngeneic host animals. Given the results of other studies showing that these integrin subunits are strongly expressed in mammary gland in vivo, and that functional roles have been suggested from culture studies, our results were completely unexpected. They refute the hypothesis that these integrin subunits all have to be present for normal development of the mammary gland. Moreover, they demonstrate that hemidesmosomes can be formed in the absence of the ␣6 and ␤4 integrin subunits, even though their structure is rudimentary.
Effects on Glandular Morphology
The mammary epithelium adheres to a laminin-rich basement membrane in vivo. Several studies have indicated a requirement for integrins for ductal growth to occur in culture models, and, moreover, we have demonstrated that both ␤1 integrins and laminin are necessary for morphogen-FIG. 5. Lack of ␣6 integrin has no effect on localisation of laminin-␣1, ␤1 integrin, E-cadherin, or ZO-1 in mammary epithelium. (A, B) Cryosections of (A) virgin and (B) lactating transplanted ␣6 knockout (ko) and wild-type (wt) tissue stained for laminin-␣1. In each case, staining is discretely basal to the epithelial cell layer. (C, D) Cryosections of (C) pregnant and (D) lactating transplanted ␣6 knockout (ko) and wild-type (wt) tissue stained for ␤1 integrin. In pregnant tissue, ␤1 integrin is located basally, but some staining in each case is also located between epithelial cells. In lactation, the majority of ␤1 integrin is located basally, and the distribution is similar in null and wild-type tissue. (E) Cryosections of pregnant transplanted ␣6 knockout (ko) and wild-type (wt) tissue stained for E-cadherin. Note that, in each case, staining is located at sites of cell-cell interaction. (F) Cryosections of pregnant transplanted ␣6 knockout (ko) and wild-type (wt) tissue stained for ZO-1. Note that, in each case, staining is apical, adjacent to the luminal alveolar space. Nuclei were counterstained with Hoechst 33258 (blue).
FIG. 6.
Distribution of the hemidesmosome-binding laminin, laminin-5, and its intracellular component, BP230, are not altered in the absence of ␣6 integrin. (A, B) Cryosections of (A) virgin and (B) lactating transplanted ␣6 knockout (ko) and wild-type (wt) or normal (nor) tissue stained for laminin-5. In each case, staining is discretely basal to the epithelial cell layer. Note that some laminin-5 staining appeared as punctate spots (green arrow). (C) Cryosections of pregnant transplanted ␣6 knockout (ko) and normal (nor) tissue stained for BP230. Note the basal distribution of BP230, and that its appearance remains punctate in the absence of ␣6 integrin (green arrow). Nuclei were counterstained with Hoechst 33258 (blue). esis to progress normally during puberty in vivo (Berdichevsky et al., 1994; Klinowska et al., 1999) . It was therefore predicted that the ␣3 or ␣6 null mammary gland might show an abnormal phenotype during development. However, we found in this study that development of the mammary ductal network and subsequent alveolargenesis in pregnancy is unaffected in the absence of ␣3 or ␣6. Previous studies using function-blocking antibodies have indicated that ␣6 integrin is not required for the pubertal development of mammary gland, and our new work confirms this result (Klinowska et al., 1999) . We conclude that the role of integrins in mammary branching morphogenesis is different from that in the kidney or lung despite evidence that laminin and integrins are required for the development of all these tissues (Klinowska et al., 1999; Kreidberg et al., 1996; Schuger et al., 1995; Sorokin et al., 1990) .
Deposition and Organisation of the Basement Membrane
The different components of the basement membrane are synthesised by epithelial and mesenchymal layers, although the extent to which cell surface receptors on the epithelial cells are required for organising the matrix is not known (Lefebvre et al., 1999) . The disorganisation of the basement membrane seen in the skin and glomerulus of ␣3 integrin subunit knockout mice would suggest that integrins have a significant role in this process (Kreidberg et al., 1996) . However, we did not observe similar changes in basement membrane organisation in the transplanted ␣3 null mammary epithelium. Indeed, the expression and distribution of laminins-1 and -5 are indistinguishable from that in wild-type epithelium. In addition, we found that loss of ␣6 and ␤4 did not affect basement membrane integrity in the mammary gland, as is the case with kidney and skin (Georges-Labouesse et al., 1996; van der Neut et al., 1996) .
In mammary epithelia, the ␣6 integrin subunit is associated with ␤1 or ␤4 subunits (Delcommenne and Streuli, 1995) . In skin, all the ␣6 is associated with ␤4, and, although a substantial fraction of cell surface ␤4 is not associated with ␣6 in keratinocytes, no other ␣ subunits have been found to be associated with it (Hertle et al., 1991; Sonnenberg et al., 1990a) . In mammary gland, elimination of ␣6 resulted in the loss of ␤4 (measured immunocytochemically), indicating that this tissue is functionally null for the ␣6␤4 heterodimer. It might be predicted that adhesion of mammary cells to the basement membrane would be severely affected, as in the skin of the ␣6 tissue. However, the structural integrity of the mammary gland is preserved, even during the extensive remodelling in pregnancy.
One explanation may lie in the different laminin composition of basement membranes from skin and mammary tissues. Laminin-5 is the dominant subtype in skin, although some laminin-10/11 is present, whereas laminin-1, laminin-5, and laminin-10/11 are all present in the mammary gland (Carter et al., 1991; DomlogeHultsch et al., 1992); Oliver et al., manuscript in preparation) . Alternatively, increased pressure in the alveoli caused by milk production may keep the cells in physical contact with the basement membrane resulting in no visible defect in adhesion. Contraction of myoepithelial cells during suckling cannot be fully tested by the transplantation model, as the transplanted epithelium does not connect to the nipple. It is possible that this extreme stress would expose some weakness not detected in the noncontracted myoepithelium.
The Role of ␣6␤4 Integrin in Hemidesmosome Formation
The lack of ␣6␤4 affects the structure of hemidesmosomes in mouse mammary epithelium, but not their distribution. This is in stark contrast to studies in mouse epidermis, where the lack of ␣6 or ␤4 subunits resulted in a complete absence of hemidesmosomes (Dowling et al., 1996; Georges-Labouesse et al., 1996; van der Neut et al., 1996) . We observed rudimentary hemidesmosomes by electron microscopy in the ␣6 null mammary tissue that resembled the "early hemidesmosomes" seen in 3-D culture of developing skin, as well as punctate basal BP230 immunostaining (Fleischmajer et al., 1998) . Several other mutations have indicated that the lack of hemidesmosome components can lead to the formation of rudimentary structures. One patient with junctional epidermolysis bullosa with pyloric atresia did not express ␤4 but did have ␣6 . Here, the skin had a few odd hemidesmosome-like structures as seen by electron microscopy, with a punctate distribution of BP230, BP180, and HD1, and a reduced or absent inner plaque. Hemidesmosomes also form in BP230 null mice, but they lack the inner plate and do not link to the keratin cytoskeleton despite the presence of HD1/plectin (Guo et al., 1995) . Further evidence has shown that hemidesmosome assembly can occur independently of ␣6 expression and of binding of the ␣6␤4 dimer to laminin (Nievers et al., 2000; Nievers et al., 1998) . All that is required are 241 amino acid residues of the cytoplasmic tail of ␤4 and the presence of HD1/plectin. Hemidesmosome formation may thus be regulated from within the cell, possibly being nucleated by focal contacts. Laminin-5 has been proposed to assist in hemidesmosome assembly in vitro (Langhofer et al., 1993) . Indeed, we observe punctate laminin-5 staining by immunofluorescence and the presence of anchoring filaments by electron microscopy in the partial hemidesmosomes formed in ␣6 null mammary epithelium.
Thus, although our data indicate that the ␣6 and ␤4 integrin subunits are required for the formation of complete functional hemidesmosomes, clustering of other hemidesmosomal components does occur in their absence and some cell adhesion may occur with the basement membrane. stratum to maintain their polarised phenotype (De Luca et al., 1994; Ojakian and Schwimmer, 1994; Wang et al., 1990) . The ␣3␤1 integrin has also been reported to regulate cadherin function in kidney cells (Wang et al., 1999) . In the mammary gland, integrins are also important in regulating polarity, as the polarised localisation of the EMA antigen is disrupted in mammary luminal epithelial cells cultured with anti-␣6 antibody or a blocking peptide to the E3 fragment of laminin-1 (Slade et al., 1999) .
It was therefore expected that the absence of ␣3 or ␣6 in transplanted mammary tissues might result in the loss of epithelial polarity, and we tested this possibility. However, the intracellular localisation of cell-cell junctions in mammary epithelia, including basal distribution of integrins, lateral E-cadherin, and apical ZO-1, was unaffected by the lack of these integrin subunits. Thus, the ␣3 and ␣6 integrins are not required simultaneously for intracellular polarity to be established. We also found that tissue polarity, assessed by the organisation of mammary epithelium into a two-layered structure consisting of luminal cells with myoepithelium located basally, was unaffected in the ␣3 or ␣6 null tissue. In a different study, we have found that the luminal-myoepithelial configuration of mammary gland is regulated by different classes of desmosomal cadherins, and not basement membrane interaction (Runswick et al., 2001 ).
Laminin-Binding Integrins and Cell Differentiation
Differentiation in the mammary gland is regulated by cell-matrix interactions, in conjunction with lactogenic hormones. Laminin-1 determines differentiation in vitro since purified laminin-1 induces, and antibodies against whole laminin-1 and the laminin-␣1 chain block, milk protein gene expression . In addition, ␤1 integrins are required for mammary differentiation both in single cell assays in culture and in studies in which monolayer cultures are incubated with soluble laminin-1 (Muschler et al., 1999; Streuli et al., 1991) . A dominant-negative ␤1 integrin transgene leads to partial disruption of milk protein gene expression in vivo, supporting this model (Faraldo et al., 1998) . However, it has not yet been established which ␣ subunit partners of the ␤1 integrin are involved. Candidate ␤1 integrin partners include the ␣3 and ␣6 subunits. However, the major laminin ligands for ␣3␤1 integrin are laminin-5 and -10/11 rather than laminin-1, and, moreover, the evidence implicating ␣6 integrin in laminin-mediated differentiation is mixed (Muschler et al., 1999; Streuli et al., 1991) .
We therefore tested these candidates for their role in inducing milk protein gene expression. We found that mammary alveoli developed normally in both ␣3 and ␣6 null mammary gland. The alveoli were engorged with secreted products during late pregnancy and early lactation, as judged by morphological analysis. Moreover, they secreted ␤-casein, a differentiation product specifically expressed in mammary gland. These results indicate that functional differentiation of luminal epithelial cells can occur in ␣3 or ␣6 integrin null tissue, enabling the expression of milk protein genes and vectorial secretion of milk products into the alveolar luminal space. Thus, the ␣3-and ␣6-containing integrin heterodimers do not both have to be present for functional mammary differentiation to occur.
Implications of This Work for Breast Cancer
Down regulation of integrins is associated with carcinogenesis in the breast and has been reported to contribute to malignancy (Natali et al., 1992; Shaw, 1999) . ␣3 and ␣6 integrin both signal through MAP kinase pathways leading to cell proliferation (Gonzales et al., 1999; Mainiero et al., 1997) . Altering ␣6 and ␤4 function in mammary epithelial cells in culture leads to loss of growth control (Weaver et al., 1997) . However, ␣6 null mammary tissue showed no evidence of tumour formation in mice over 12 months posttransplantation (our unpublished observations). Thus, if downregulation of these integrin subunits is mechanistically important for the genesis of breast cancer, this should be considered in the context of other changes within malignant cells.
␣3 and ␣6 Integrin Redundancy in Mammary Gland Function
The close association of mammary epithelial cells with the basement membrane at all stages of mammary development in vivo, and the necessity for laminin and ␤1 integrins for ductal morphogenesis in vivo and for differentiation in cultured mammary cells, might suggest that ␣3 or ␣6 integrins are required for mammary function in vivo. There is also an extensive literature on the importance of ␣3 and ␣6 integrins in other epithelial cell types. It is therefore very striking that mammary cells, which represent one of the most studied cultured cell types that have served to establish the functions ascribed to these integrin subunits, show no impact of integrin mutations.
One possible explanation for the limited mammary phenotype is that, although ␣3 and ␣6 may normally play a role in mammary function, neither ␣ chain alone is crucial and the ␣3 and ␣6 integrin heterodimers have redundant function. Indeed, the cytoplasmic tails of ␣3A/␣6A and ␣3B/␣6B are each 43% identical, and, in addition, ␣3␤1 and ␣6␤1 integrin both bind similar TM4 proteins, which are possible candidates for transmitting intracellular signals (Berditchevski et al., 1996) . Furthermore, ␣3 and ␣6 integrin have been shown to have overlapping functions in some tissues, such as apical ectodermal ridge, but not in others such as epidermis (DeArcangelis et al., 1999; DiPersio et al., 2000) . Although we found no evidence for compensatory upregulation of ␣ integrin subunits in null mammary tissue, it remains possible that the lack of one integrin subunit can be overcome by the presence of the other. It would be interesting to perform similar experiments with mammary gland rudiments from ␣3 and ␣6 integrin double knockout mice, but such experiments are not practicable. Thus, future studies will focus on the use of mice bearing conditional deletions of both ␣3 and ␣6 integrin genes, although these animals are not available at this time.
Three alternate possibilities should also be considered. First, the integrin-dependent control of mammary function may be restricted to cells placed in culture, where they do not have an identical environment to those in vivo. Thus, receptor functions suggested by culture studies may not always hold up in a developmental context. In this regard, it would be informative to perform culture studies on mammary cells isolated from integrin null mammary glands, but the restricted amount of tissue available in the transplant studies precludes such experiments.
Second, the laminin receptor that is critical for specifying mammary development and differentiation may contain an as yet unidentified ␣ chain. An alternative subunit such as ␣2 may possibly be involved in mammary development; however, it has a very different structure to ␣3 and ␣6 integrin (Tuckwell and Humphries, 1996) . There are also differences in signaling properties, and the main function of ␣2 integrin is as a collagen receptor (Tuckwell et al., 1995) . Furthermore, it is not likely to be required for differentiation as, in contrast to the other integrin subunits, ␣2 expression decreases dramatically at the onset of lactation in vivo (Oliver et al., manuscript in preparation) . Mice lacking ␣2 integrin die very early in embryogenesis (Sheppard, 2000) , but it would still be interesting to test the possibility that this subunit is required for mammary function in the glands of mice with a conditional deletion in the ␣2 gene.
Finally, there may be nonintegrin receptors for laminin that have important roles in mammary function. Several nonintegrin receptors for laminin have been identified, including ␣-dystroglycan. ␣-Dystroglycan has now been identified in mammary gland, and has been shown to be important for regulating epithelial morphogenesis and function in other tissues such as the kidney (Durbeej et al., 1998; Durbeej et al., 1995) . It is required for embryogenesis at an early stage of development, and future studies on mammary epithelial cells in mice with a conditional deletion of ␣-dystroglycan will be valuable (Henry and Campbell, 1998) .
